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We  designed,  optimized,  and  extensively  tested  several  sensitive  and  specific  real-time  PCR  assays  for  rapid 
detection  of  both  smallpox  and  pan-orthopox  virus  DNAs.  The  assays  are  based  on  TaqMan  3'-minor  groove 
binder  chemistry  and  were  performed  on  both  the  rapid-cycling  Roche  LightCycler  and  the  Cepheid  Smart 
Cycler  platforms.  The  hemagglutinin  (HA)  J7R,  B9R,  and  B10R  genes  were  used  as  targets  for  the  variola 
virus-specific  assays,  and  the  HA  and  DNA  po!ymerase-E9L  genes  were  used  as  targets  for  the  pan-orthopox 
virus  assays.  The  five  orthopox  virus  assays  were  tested  against  a  panel  of  orthopox  virus  DNAs  (both  genomic 
and  cloned)  at  the  U.S.  Army  Medical  Research  Institute  of  Infectious  Diseases  (USAMRIID).  The  results 
indicated  that  each  assay  was  capable  of  detecting  both  the  appropriate  cloned  gene  and  genomic  DNA.  The 
assays  showed  no  cross-reactivity  to  the  78  DNAs  in  the  USAMRIID  bacterial  cross-reactivity  panel.  The  limit 
of  detection  (LOD)  of  each  assay  was  determined  to  be  between  12  and  25  copies  of  target  DNA.  The  assays  were 
also  run  against  a  blind  panel  of  DNAs  at  the  Centers  for  Disease  Control  and  Prevention  (CDC)  on  both  the 
LightCycler  and  the  Smart  Cycler.  The  panel  consisted  of  eight  different  variola  virus  isolates,  five  non-variola 
virus  orthopox  virus  isolates,  two  varicella-zoster  virus  isolates,  and  one  herpes  simplex  virus  isolate.  Each 
sample  was  tested  in  triplicate  at  2.5  ng,  25  pg,  250  fg,  and  2.5  fg,  which  represent  1.24  x  107, 1.24  x  10s,  1.24 
X  103,  and  1.24  x  101  genome  equivalents,  respectively.  The  results  indicated  that  each  of  the  five  assays  was 
100%  specific  (no  false  positives)  when  tested  against  both  the  USAMRIID  panels  and  the  CDC  blind  panel. 

With  the  CDC  blind  panel,  the  LightCycler  was  capable  of  detecting  96.2%  of  the  orthopox  virus  DNAs  and 
93.8%  of  the  variola  virus  DNAs.  The  Smart  Cycler  was  capable  of  detecting  92.3%  of  the  orthopox  virus  DNAs 
and  between  75  and  93.8%  of  the  variola  virus  DNAs.  However,  all  five  assays  had  nearly  100%  sensitivity  on 
both  machines  with  samples  above  the  LOD  (>12  gene  copies).  These  real-time  PCR  assays  represent  a  battery 
of  tests  to  screen  for  and  confirm  the  presence  of  variola  virus  DNA.  The  early  detection  of  a  smallpox  outbreak 
is  crucial  whether  the  incident  is  an  act  of  bioterrorism  or  an  accidental  occurrence. 


The  orthopox  viruses  are  large,  enveloped  viruses  containing 
double-stranded  DNA  genomes  of  approximately  175,000  to 
225,000  bp.  Several  viruses  in  this  family  are  human  pathogens, 
including  variola  major  virus  (the  causative  agent  of  smallpox) 
and  variola  minor  virus  (the  causative  agent  of  alastrim),  mon¬ 
keypox  virus,  cowpox  virus,  and  vaccinia  virus.  In  humans, 
orthopox  viruses  cause  infections  ranging  from  mild  in  the  case 
of  vaccinia  and  cowpox  viruses  and  some  strains  of  monkeypox 
virus  to  fatal  in  the  case  of  smallpox.  The  33rd  World  Health 
Assembly,  at  the  end  of  a  decade-long  intensive  surveillance 
and  vaccination  campaign,  officially  declared  smallpox  eradi¬ 
cated  from  the  world  in  1980.  Member  states  of  the  World 
Health  Organization  (WHO)  subsequently  agreed  to  consoli¬ 
date  the  variola  virus  stocks  into  two  locations,  i.e.,  the  Centers 
for  Disease  Control  and  Prevention  (CDC),  Atlanta,  Ga.,  and 
the  Institute  for  Viral  Preparations,  Moscow,  Russia,  and  to 
destroy  the  remaining  laboratory  samples  of  variola  viruses. 
The  Russian  collection  was  subsequently  moved  to  the  State 
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Research  Center  of  Virology  and  Biotechnology,  Novosibirsk, 
Russia,  in  the  early  1990s.  Those  stocks  in  the  WHO  reference 
laboratories  have  been  scheduled  for  destruction  several  times, 
but  the  World  Health  Assembly  member  states  have  since 
decided  to  retain  them  indefinitely  in  order  to  allow  for  the 
development  of  improved  vaccines,  antiviral  drugs,  and  diag¬ 
nostics  (18,  25).  The  United  States  and  WHO  have  significant 
concerns  that  undeclared  stocks  of  smallpox  have  been  ob¬ 
tained  by  terrorists  or  rogue  governments  and  might  be  em¬ 
ployed  as  a  weapon  of  mass  destruction  (6,  7,  12,  23). 

For  many  years,  PCR  analysis  of  orthopox  virus  DNA  relied 
solely  on  the  laborious  method  of  determining  amplicon  size 
from  an  agarose  gel  after  a  2-  to  3-h  PCR  run  (22,  26-29,  31). 
A  revolutionary  technique,  the  fluorogenic  5'  nuclease  assay 
(now  commonly  called  the  TaqMan  assay),  was  developed  in 
1991  (14)  and  subsequently  improved  by  Lee  et  al.  in  1993  (21). 
While  TaqMan  assays  were  initially  run  on  the  Applied  Bio¬ 
systems  (ABI)  7700  nucleic  acid  detection  system,  more  rapidly 
cycling  systems  have  become  available,  including  the  Roche 
(Indianapolis,  Ind.)  LightCycler  and  the  Cepheid  (Sunnyvale, 
Calif.)  Smart  Cycler  (5,  8-10,  33).  Several  papers  have  dealt 
with  the  general  application  of  real-time  TaqMan  PCR  tech¬ 
nology  for  identifying  biological  agents  (11,  13,  19),  as  well  as 
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specifically  for  orthopox  viruses  (8,  16,  17,  24,  31).  The  Taq- 
Man  chemistry  has  recently  undergone  a  significant  improve¬ 
ment  by  the  addition  of  a  minor  groove  binding  protein  (MGB) 
(1,  2,  20)  and  a  nonfluorescent  quencher  (NFQ)  to  the  5'  end 
of  the  probe  molecule.  The  objective  of  this  study  was  to  use 
TaqMan-MGB  chemistry  to  improve  our  previous  variola  vi¬ 
rus-specific  TaqMan  assay  (17)  and  to  design  additional  variola 
virus-specific  and  /M/z-orthopox  virus  TaqMan-MGB  assays. 

MATERIALS  AND  METHODS 

Viruses  and  DNA  preparation.  The  orthopox  viruses  and  controls  used  (see 
Tables  2  and  4)  included  eight  isolates  of  variola  virus  and  10  different  strains 
from  camelpox  virus,  cowpox  virus,  herpes  simplex  virus,  monkeypox  virus,  vac¬ 
cinia  virus,  and  varicella-zoster  virus.  The  origin,  propagation,  and  harvest  pro¬ 
cedures  for  these  viruses  are  documented  elsewhere  (3,  31).  Our  studies  also 
included  11  monkeypox-human  virus  isolates  obtained  from  clinical  samples 
during  the  1996  outbreak  in  the  Congo  (unpublished  data)  and  four  cidofovir- 
resistant  orthopox  virus  DNAs  (32).  Variola  virus  infectious  titers  were  deter¬ 
mined  by  the  plaque  assay  and  were  between  108  and  lO10  PFU  per  ml.  DNA  was 
extracted  from  virus-infected  cells,  virions,  and  crusts  by  using  the  AquaPure 
DNA  kit,  using  a  procedure  modified  slightly  from  that  of  the  manufacturer 
(Bio-Rad,  Hercules,  Calif.).  Briefly,  100  (xl  of  cell  lysate  or  crust  suspension  was 
mixed  with  500  (jlI  of  AquaPure  lysis  buffer,  incubated  at  55°C  for  8  h,  cooled  to 
37°C,  and  removed  from  the  CDC  Maximum  Containment  Laboratory  after 
appropriate  safety  tests.  Five  microliters  (12  |xg)  of  AquaPure  RNase  solution 
was  added  to  the  mixture  and  incubated  at  37°C  for  5  min.  Two  hundred 
microliters  of  AquaPure  protein  precipitation  solution  was  added  and  mixed  by 
vortexing.  The  samples  were  centrifuged  at  13,000  X  g  for  20  min,  the  superna¬ 
tants  were  transferred  into  sterile  microcentrifuge  tubes,  600  jjlI  of  isopropanol 
was  added,  and  the  DNA  was  precipitated  by  centrifugation  at  13,000  X  g  for 
5  min.  The  DNA  was  washed  once  with  70%  alcohol,  suspended  in  50  jxl  of 
AquaPure  DNA  hydration  buffer,  and  stored  at  —  20°C  until  used. 

Cloning  and  sequencing  of  HA,  E9L,  B9R,  and  B10R  genes.  Several  variola 
virus  and  non-variola  virus  gene  targets,  i.e.,  hemagglutinin  (HA)  (J7R),  E9L 
(DNA  polymerase),  and  B9R-B10R  fragments,  were  cloned  (see  Table  2).  The 
variola  major  virus  B9R  protein  was  74  amino  acids,  while  the  B10R  was  65 
amino  acids;  the  exact  functions  of  both  are  unknown.  A  fragment  of  942  bp 
which  contained  the  HA  (J7R)  gene  was  PCR  amplified  from  viral  genomic 
DNA  by  using  the  forward  primer  5'-ATG  ACA  CGA  TTG  TCA  ATA  CTT 
TTG  T-3'  and  reverse  primer  5'-CTA  GAC  TTT  GTT  TTC  TGT  TTT  GTA 
T-3'.  A  fragment  of  3,015  bp  which  contained  the  E9L  gene  was  PCR  amplified 
from  viral  genomic  DNA  by  using  the  forward  primer  5'-ATG  GAT  GTT  CGG 
TGT  ATT  AAT  TGG  T-3'  and  reverse  primer  5'-TTA  TGC  TTC  GTA  AAA 
TGT  AGG  TCT  TG-3'.  A  fragment  of  504  bp  (variola  major  virus)  or  1,138  bp 
(variola  minor  virus)  which  contained  the  B9R  and  B10R  genes  was  PCR  am¬ 
plified  from  the  appropriate  viral  genomic  DNA  by  using  the  forward  primer 
5'-ATG  GAC  ATT  TCT  TAT  GTT  ATT  AAT  G-3'  and  reverse  primer  5' -TCA 
AAA  CGT  GTA  TCT  CAT  ATA  TAC  T-3'.  The  fragments  were  cloned  into  the 
pCR2.1-TOPO  vector  (Invitrogen,  Carlsbad,  Calif.)  according  to  the  manufac¬ 
turer’s  protocol.  Briefly,  target  genes  were  amplified  by  high-fidelity  PCR  from 
genomic  DNA.  DNA  fragments  were  isolated  on  0.8%  agarose  gels,  and  2  jxl  of 
the  isolated  PCR  product  was  added  to  2  p.1  of  pCR2.1-TOPO  cloning  vector. 
Mixtures  were  incubated  for  5  min  at  room  temperature,  and  2  (jlI  of  each  was 
used  to  transform  competent  DH5a  (Lacl+)  Escherichia  coli  bacteria  that  were 
plated  on  Luria-Bertani  agar  containing  ampicillin  (100  |xg/ml)  (Sigma,  St.  Louis, 
Mo.),  IPTG  (isopropyl-p-D-thiogalactopyranoside)  (0.5  mM)  (Sigma),  and  X- 
Gal  (5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside)  (40  |ig/ml)  (Sigma). 
Positive  clones  were  detected  by  restriction  enzyme  digestion,  PCR  amplification 
of  the  inserted  DNA,  and  sequencing.  Plasmid  DNA  was  isolated  from  bacterial 
cultures  by  using  a  commercially  available  kit  (Qiagen,  Valencia,  Calif.)  and 
measured  by  optical  density  at  260  nm. 

DNA  sequencing.  The  pCR2.1  clones  containing  HA  and  B9R-B10R  inserts 
were  sequenced  on  an  ABI  (Foster  City,  Calif.)  Prism  3100  genetic  analyzer. 
Approximately  100  ng  of  plasmid  DNA  was  used  as  the  template  in  BigDye 
terminator  cycle  ready  reactions  (Applied  Biosystems)  according  to  the  manu¬ 
facturer’s  instructions.  Clones  containing  HA  gene  inserts  were  sequenced  with 
pCR2.1  vector-specific  T7  promoter  (5'-TAA  TAC  GAC  TCA  CTA  TAG  GG- 
3')  and  M13  reverse  (5'-CAG  GAA  ACA  GCT  ATG  AC-3')  primers  and  HA 
gene-specific  forward  (5'-AGT  GAC  GTC  TTG  TAT  TTT  GAT-3')  and  reverse 
(5' -TCT  GTT  TTG  TAT  TTA  CGT  G-3')  sequencing  primers.  Clones  contain¬ 


ing  variola  major  and  minor  virus  B9R-B10R  gene  inserts  were  sequenced  with 
vector-specific  T7  promoter  and  M13  reverse  primers.  In  addition,  variola  minor 
virus  B9R-B10R  genes  were  sequenced  with  B9R-B10R-specific  forward  (5'- 
TCT  GAT  TTG  GAA  GCG  TAT  TT-3')  and  reverse  (5'-AGT  AGC  GGA  GGT 
AGT  CGT  CT-3')  sequencing  primers.  All  sequence  data  were  assembled  and 
analyzed  with  SeqMan  II  software  (DNASTAR,  Inc.,  Madison,  Wis.). 

PCR  primers,  target  sequences,  and  fluorogenic  probes.  The  real-time  PCR 
assay  primers  and  TaqMan-MGB  probe  sequences  are  listed  in  Table  1.  The  HA 
sequence  was  selected  from  the  variola  virus  HA  J7R  gene  (GenBank  accession 
number  L22579)  and  from  the  report  of  Ibrahim  et  al.  (17).  We  also  cloned  and 
sequenced  several  new  HA,  E9L  (DNA  polymerase),  B9R,  and  B10R  gene 
fragments  (Table  2)  and  used  this  new  sequence  information  (data  not  shown)  to 
perform  our  gene  alignments  and  TaqMan-MGB  assay  design.  All  new  se¬ 
quences  will  be  submitted  to  GenBank.  In  all,  28  HA  genes  (including  12  variola 
virus,  7  vaccinia  virus,  and  11  non-variola  virus  genes),  48  E9L  DNA  polymerase 
genes  (including  39  variola  virus  genes,  1  camelpox  virus  gene,  1  cowpox  virus 
gene,  1  monkeypox  virus  gene,  1  vaccinia  virus  gene,  3  herpes  simplex  virus 
genes,  and  1  varicella-zoster  virus  gene),  and  11  B9R-B10  fragments  (including 
8  variola  major  virus  genes  and  2  variola  minor  virus  genes)  were  used  for 
alignments.  All  alignments  were  done  by  using  OMIGA  2.0  (Accelrys,  San 
Diego,  Calif.).  Regions  of  homology  were  used  as  target  sequences  for  the 
pan-orthopox  virus  assays,  and  regions  of  nonhomology  were  used  as  targets  for 
the  variola  virus-specific  assays.  The  specific  primer  and  TaqMan-MGB  se¬ 
quences  were  designed  by  using  Primer  Express  version  2.0  for  Windows  (Ap¬ 
plied  Biosystems).  All  primers  were  synthesized  by  using  standard  phosphora- 
midite  chemistry  with  an  ABI  394  DNA-RNA  synthesizer.  The  TaqMan-MGB 
probes  were  also  synthesized  by  ABI  and  contained  6-carboxyfluorescein  (FAM) 
at  the  5'  end.  An  NFQ  and  the  MGB  were  added  to  the  3'  end. 

5'  nuclease  PCR  (TaqMan-MGB)  assays.  Following  the  Primer  Express  ver¬ 
sion  2.0  software  design  of  potential  orthopox  virus  TaqMan-MGB  assays  (pan - 
orthopox  virus  HA-MGB  and  E9L3-MGB  and  variola  virus-specific  HA-MGB, 
B9R-MGB,  and  B10R-MGB),  we  optimized  each  assay  according  to  a  standard 
protocol  instituted  by  the  Diagnostic  Systems  Division  at  the  U.S.  Army  Medical 
Research  Institute  of  Infectious  Diseases  (USAMRIID).  Briefly,  potential 
primer  pairs  were  initially  tested  in  the  LightCycler  with  the  fluorescent  dye 
SYBR  Green  I  (Roche  Biochemicals).  The  optimum  primer  pair  was  selected 
based  on  specificity  (a  single,  appropriately  sized  amplicon)  and  efficiency  of 
amplification  (lowest  Ct  value,  which  is  defined  as  the  real-time  PCR  cycle  at 
which  the  LightCycler  software  determines  the  reaction  to  be  positive).  The 
selected  primer  pair  was  then  optimized  to  the  final  concentration  (0.1  to  1.0 
p-M)  with  the  lowest  Ct  value  and  had  the  highest  fluorescent  signal.  Next,  several 
potential  TaqMan-MGB  probes  were  tested  with  the  optimized  primer  pair  by 
varying  the  probe  and  MgCl2  concentrations.  The  final  assay  was  that  with  the 
primer-probe  pair  concentrations  and  reaction  conditions  that  combined  the 
lowest  level  of  detection  (LOD)  (the  gene  copy  number  which  was  detected  by 
the  assay  100%  of  the  time),  lowest  C,  value,  and  highest  fluorescent  signal-to- 
noise  ratio.  The  LODs  of  the  assays  were  determined  from  serial  dilutions  of 
both  the  cloned  variola  virus  genes  (HA,  E9L,  B9R,  and  B10R)  and  genomic 
DNA  purified  from  variola  virus  (India  7125)  virions. 

All  assays  were  carried  out  in  20-  |xl  volumes  for  the  LightCycler  and  25-|xl 
volumes  for  the  Smart  Cycler.  Each  reaction  mixture  contained  PCR  buffer  (50 
mM  Tris  [pH  8.3],  25  |xg  of  bovine  serum  albumin  per  ml,  and  0.2  mM  de- 
oxynucleoside  triphosphate  mix  [Idaho  Technology,  Salt  Lake  City,  Utah]).  Plat¬ 
inum  Taq  DNA  polymerase  (Invitrogen)  at  0.8  U  for  the  LightCycler  and  1  U  for 
the  Smart  Cycler  was  added  to  each  reaction  mixture.  The  final  MgCl2,  primer, 
and  probe  concentrations  for  each  assay  are  listed  in  Table  1.  Each  Smart  Cycler 
reaction  mixture  also  contained  1 X  Smart  Cycler  additive  reagent  (0.2  mM  Tris 
[pH  8.0],  0.2  mg  of  bovine  serum  albumin  per  ml,  150  mM  trehalose,  and  0.2% 
Tween  20).  Five  microliters  of  control  or  template  DNA  was  added  to  each 
reaction  mixture.  Thermal  cycling  for  the  LightCycler  and  the  Smart  Cycler  was 
performed  as  follows:  one  cycle  at  95°C  for  2  min,  followed  by  45  cycles  of  95°C 
for  1  s  and  60°C  for  20  s.  A  fluorescence  reading  was  taken  at  the  end  of  each 
60°C  step.  For  the  LightCycler,  each  reaction  capillary  tube  was  read  in  channel 
1  (FI)  at  a  gain  setting  of  16,  with  data  being  analyzed  by  using  the  LightCycler 
data  analysis  software  (version  3.5.3).  Sample  curves  were  analyzed  by  using  the 
second  derivative  maximum  with  the  baseline  adjustment  set  to  arithmetic.  For 
the  Smart  Cycler,  data  were  analyzed  by  using  the  Cepheid  Smart  Cycler  soft¬ 
ware  (version  1.2d).  The  Smart  Cycler  settings  consisted  of  a  primary  curve 
analysis  with  a  manual  threshold  setting  of  10,  background  subtraction  turned  on, 
boxcar  average  set  to  five  cycles,  background  minimum  cycle  set  to  5,  and 
background  maximum  cycle  set  to  45. 

Extended  assay  evaluation.  All  five  assays  were  extensively  evaluated, 
first  against  various  cloned  and  genomic  orthopox  virus  DNAs  available  at 
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TABLE  1.  Primer  and  TaqMan-MGB  sequences 


Organism 

Gene  target 
or  probe 

Amplicon 
size  (bp) 

Primer  or  probe 

MgCl2 

concn 

(mM) 

Name 

Sequence 

Final 

concn 

(pM) 

/?««-Orthopox 

HA  (J7R) 

130 

OPHA-F89 

5'-GAT  GAT  GCA  ACT  CTA  TCA  TGT  A-3'“ 

0.5 

5 

virus 

OPHA-R219 

5'-GTA  TAA  TTA  TCA  AAA  TAC  AAG  ACG  TC-3' 

0.5 

TaqMan-MGB  probe 

OPHA-pl43S-MGB 

6'FAM-AGT  GCT  TGG  TAT  AAG  GAG-MGBNFQ-3 ' 

0.1 

DNA  polymerase  (E9L) 

177 

OPE9L-F1880 

5'-GAA  CAT  TTT  TGG  CAG  AGA  GAG  CC-3' 

0.5 

5 

OPE9L-R2057 

5'-CAA  CTC  TTA  GCC  GAA  GCG  TAT  GAG-3' 

0.5 

TaqMan-MGB  probe 

OPE9L-pl924S-MGB 

6'FAM-CAG  GCT  ACC  AGT  TCA  A-MGBNFQ-3' 

0.1 

Variola  virus 

HA  (J7R) 

139 

VARHA-F601 

5' -TCA  TCT  GGA  GAA  TCC  ACA  ACA-3' 

0.4 

7 

VARHA-R740 

5 '-CAT  CAT  TGG  CGG  TTG  ATT  TA-3' 

0.4 

TaqMan-MGB  Probe 

VARHA-p625S-MGB 

6'FAM-AAG  ACG  TCG  GGA  CCA  AT-MGBNFQ-3'6 

0.1 

B9R 

87 

VARB9R-F103 

5' -CAG  ATA  GCG  GTT  GTC  AGA  ATA  CCA-3' 

0.5 

5 

VAR9R-R189 

5 '-AT A  CGC  TTC  CAA  ATC  AGA  TCC  TG-3'C 

0.5 

TaqMan-MGB  Probe 

VARB9R-pl43S-MGB 

6'FAM-CAA  TGG  AAC  AAT  TAG  GTA  TTA  C-MGBNFQ-3' 

0.1 

B10R 

88 

VARB10R-F66 

5' -CAA  AAT  GCA  GGG  TAC  AAC  AAA  CA-3' 

0.5 

5 

VARB10R-R153 

5' -CAA  TGA  ATC  CTT  AGT  ATT  GCC  AAC  G-3' 

0.5 

TaqMan-MGB  Probe 

VARB10R-p90S-MGB 

6'FAM-TAA  TGA  CGG  AAG  TAA  ACG-MGBNFQ-3' 

0.05 

a  The  primer  has  a  single  internal  base  mismatch  with  monkeypox  virus  isolate  3945  (base  13,  C— »A).  However,  the  primer  also  has  a  single  internal  base  mismatch 
with  vaccinia  virus  strain  Ankara  (base  13,  C^T)  and  is  easily  detected  (see  Table  2). 

b  We  have  also  recently  become  aware  that  there  are  at  least  two  potential  mismatched  bases  with  our  variola  virus  HA-MGB  probe.  This  probe  is  the  MGB  version 
of  the  probe  originally  reported  by  Ibrahim  et  al.  (17).  There  are  five  strains  of  variola  virus  (var-sln,  accession  no.  AF375142;  var-nig,  accession  no.  375138;  var-cm6, 
accession  no.  AF375130;  var-but,  accession  no.  AF375129;  and  var-gar,  accession  no.  Y16780)  with  a  G->T  change  at  base  6  in  the  MGB  probe.  There  are  two  strains 
of  variola  virus  (var-rat,  accession  no.  AF375141;  and  var-mad,  accession  no.  AF375137)  with  a  G— >C  change  at  base  9  in  the  MGB  probe.  We  therefore  recommend 
that  the  variola  virus  HA-MGB  assay  always  be  used  in  conjunction  with  the  B9R  and  B10R  assays. 
c  The  primer  has  a  single  internal  base  mismatch  with  variola  virus  India-1967  strain  (base  23,  G— >A). 


USAMRIID  (Table  2),  second  against  various  strains  and  isolates  from  the 
USAMRIID  cross-reactivity  bacterial  DNA  panel  (1  ng  of  each  DNA)  (Table  3), 
and  finally  against  a  blind  panel  of  orthopox  virus  DNAs  prepared  by  the  CDC 
under  the  auspices  of  the  Office  of  Homeland  Security  Interagency  Working 
Group  (OHS-IWG).  The  OHS-IWG  CDC  blind  panel  consisted  of  the  16  DNAs 
listed  in  Table  4.  The  DNAs  represent  a  cross  section  of  different  orthopox 
viruses  from  various  sources  along  with  three  non-orthopox  virus  DNAs.  Each 
sample  (20  (jlI  total)  was  initially  diluted  1:2  with  sterile  water  to  have  sufficient 
volume  to  run  the  sample  in  triplicate  with  all  five  assays  on  both  the  LightCycler 
and  the  Smart  Cycler.  Five  microliters  of  each  1:2  dilution  was  added  to  the 
LightCycler  master  mix  (15  pi)  and  to  the  Smart  Cycler  master  mix  (260  pi). 
Therefore,  after  the  1:2  dilutions,  the  actual  amount  of  DNA  loaded  into  each 
assay  mixture  was  1  ng/pl  (2.5  ng),  10  pg/pl  (25  pg),  100  fg/pl  (250  fg),  and  1  fg/pl 
(2.5  fg).  The  genome  equivalents  for  each  assay  (based  on  an  average  orthopox 
virus  genome  size  of  186,000  bp  and  a  GC  content  of  33%)  were  62.5  ng  =  1.24 
X  107  genomes,  25  pg  =  1.24  X  105  genomes,  250  fg  =  1.24  X  103  genomes,  and 
2.5  fg  =  1.24  X  101  genomes.  For  the  OHS-IWG  CDC  blind  DNA  panel,  each 
sample  (68  in  all)  was  tested  in  triplicate  and  any  questionable  sample  results 
were  rerun  in  triplicate.  All  reactions  performed  during  testing  of  the  coded 
samples  at  CDC  included  at  least  one  positive  control  that  contained  1.24  X  103 
copies  (250  fg)  of  purified  variola  virus  genomic  DNA  (India  7125)  and  two 
no-template  controls  (NTC):  reagent  NTC  and  sample  NTC.  The  CDC  testing 
took  place  over  3  days  (16  to  18  December  2002).  The  unblinded  OHS-IWG 
CDC  results  are  also  shown  in  Table  4.  Calculations  of  sensitivity  and  specificity 
for  the  CDC  panel  (Table  5)  were  determined  as  follows:  percent  sensitivity  = 
[TP/(TP  +  FN)]  X  100  and  percent  specificity  =  [TN/(TN  +  FP)]  X  100,  where 
TP  is  the  number  of  true-positive  samples,  FN  is  the  number  of  false-negative 
samples,  TN  is  the  number  of  true-negative  samples,  and  FP  is  the  number  of 
false-positive  samples. 

All  five  assays  were  also  tested  for  their  ability  to  be  quantitative  on  the 
LightCycler.  A  dilution  series  of  both  cloned  target  DNA  and  genomic  DNA  was 
made,  and  three  readings  of  optical  density  at  260  nm  were  done  to  determine 
the  concentration  of  each  stock  DNA  sample.  Each  stock  sample  was  then 
prepared  as  a  10-fold  serial  dilution  from  5  X  106  to  5  gene  copies  per  5  pi.  The 
dilutions  were  run  in  triplicate  (cloned  DNA)  or  duplicate  (genomic  DNA)  with 
each  of  the  five  assays  on  the  LightCycler  with  the  cycling  profile  previously 
described.  The  LightCycler  analysis  software  version  3.5.3  was  used  to  generate 
linear  regression  curves  and  accompanying  attributes  (slope,  intercept,  error,  and 


r  value)  for  each  assay.  Additional  data  for  both  the  pan-orthopox  virus  standard 
TaqMan  and  TaqMan-MGB  HA  assays  will  be  published  elsewhere  (C.  A. 
Whitehouse,  D.  A.  Kulesh,  M.  S.  Ibrahim,  J.  Paragas,  and  J.  W.  Huggins,  sub¬ 
mitted  for  publication). 

RESULTS 

Development  of  assays.  The  final  primer  sequences,  Taq¬ 
Man-MGB  probe  sequences,  and  reaction  conditions  for  each 
assay  are  shown  in  Table  1.  The  assays  reproducibly  detected 
0.1  to  0.2  fg  of  plasmid  DNA  and  5  to  10  fg  of  genomic  DNA, 
which  represented  approximately  12  to  25  copies  of  each  gene, 
respectively.  Figure  1  shows  both  a  graph  from  a  representative 
run  using  the  B9R-MGB  assay  with  variola  virus  genomic 
DNA  samples  in  duplicate  and  each  assay’s  LOD  and  dynamic 
range  as  obtained  with  cloned  genes  and  purified  variola  virus 
genomic  DNA  on  the  LightCycler.  The  data  from  both  plasmid 
and  genomic  DNA  LOD  experiments  showed  linear  correla¬ 
tion  with  a  dynamic  range  of  six  orders  of  magnitude,  repre¬ 
senting  approximately  25  to  2,500,000  copies. 

USAMRIID  DNA  panel  evaluations.  Each  assay  was  tested 
against  two  USAMRIID  DNA  panels:  (i)  an  orthopox  virus 
DNA  panel  and  (ii)  a  DNA  cross-reactivity  panel.  The  results 
in  Table  2  indicate  that  the  jpan-orthopox  virus  assays  {pan - 
HA-MGB  and  pan- E9L3-MGB)  were  capable  of  detecting 
both  the  cloned  and  genomic  DNAs  of  the  orthopox  virus 
species  available  in  the  USAMRIID  panel,  including  DNA  of 
the  vaccine  candidate  vaccinia  virus  strain  Ankara  (which  has 
a  single  internal  base  mismatch  with  the  forward  primer  of  the 
pan-\ IA-MGB  assay).  The  results  for  the  variola  virus-specific 
assays  (HA-MGB,  B9R-MGB,  and  B10R-MGB)  indicate  that 
the  assays  were  capable  of  differentially  detecting  the  cloned 
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TABLE  2.  USAMRIID  orthopox  virus  panel  DNAs 


DNA  species 

Dilution 

(Pg/M-l) 

Assay  result" 

pan-  HA 

pan-E9L3 

Variola 
virus  HA 

Variola 
virus  B9R 

Variola 
virus  B10R 

Human  genomic  DNA 

1,000 

- 

- 

- 

- 

- 

Vaccinia  virus  E9L  gene  (cloned) 

1 

- 

+ 

- 

- 

- 

Variola  virus  India  7124  HA  gene  (cloned) 

1 

+ 

- 

+ 

- 

- 

Variola  virus  India  7124  B9R-B10R  (cloned) 

1 

- 

- 

- 

+ 

+ 

Variola  major  virus  Nepal  v73-175  (E9L  cloned) 

1 

ND 

+ 

ND 

ND 

ND 

Variola  major  virus  India  7124  (E9L  cloned) 

1 

ND 

+ 

ND 

ND 

ND 

Variola  major  virus  Bangladesh  1975  (v75-550)  (E9L  cloned) 

1 

ND 

+ 

ND 

ND 

ND 

Variola  major  virus  Horn  (E9L  cloned) 

1 

ND 

+ 

ND 

ND 

ND 

Variola  major  virus  Somalia  v77-1605  (E9L  cloned) 

1 

ND 

+ 

ND 

ND 

ND 

Variola  major  virus  Congo  (v70-46)  (E9L  cloned) 

1 

ND 

+ 

ND 

ND 

ND 

Variola  major  virus  Afgan  Variolator  4  (E9L  cloned) 

1 

ND 

+ 

ND 

ND 

ND 

Variola  major  virus  Nepal  v73-175  (B9R-B10R  cloned) 

1 

ND 

ND 

ND 

+ 

+ 

Variola  major  virus  India  7124  (B9R-B10R  cloned) 

1 

ND 

ND 

ND 

+ 

+ 

Variola  major  virus  Bangladesh  1975  (v75-550)  (B9R-B10R  cloned) 

1 

ND 

ND 

ND 

+ 

+ 

Variola  major  virus  Horn  (B9R-B10R  cloned) 

1 

ND 

ND 

ND 

+ 

+ 

Variola  major  virus  Somalia  v77-1605  (B9R-B10R  cloned) 

1 

ND 

ND 

ND 

+ 

+ 

Variola  major  virus  Congo  (v70-46)  (B9R-B10R  cloned) 

1 

ND 

ND 

ND 

+ 

+ 

Variola  major  virus  Afgan  Variolator  4  (B9R-B10R  cloned) 

1 

ND 

ND 

ND 

+ 

+ 

Vaccinia  virus  Western  Reserve 

100 

+ 

+ 

- 

- 

- 

Modified  vaccinia  virus  Ankara 

100 

+ 

+ 

- 

- 

- 

Camelpox  virus  Somalia 

100 

+ 

+ 

- 

- 

- 

Cidofovir-resistant  camelpox  virus  Somalia 

100 

+ 

+ 

- 

- 

- 

Cowpox  virus  Brighton  Red 

100 

+ 

+ 

- 

- 

- 

Cidofovir-resistant  cowpox  virus  Brighton  Red 

100 

+ 

+ 

- 

- 

- 

MPX* 

100 

+ 

+ 

— 

— 

— 

Cidofovir-resistant  MPX 

100 

+ 

+ 

- 

- 

- 

Vaccinia  virus  Copenhagen 

100 

+ 

+ 

- 

- 

- 

Cidofovir-resistant  vaccinia  virus  Copenhagen 

100 

+ 

+ 

— 

— 

— 

MPX-human  isolate  (CDC  V79-I-04) 

100 

+ 

+ 

— 

— 

— 

MPX-human  isolate  (CDC  V79-I-16) 

100 

+ 

+ 

- 

- 

- 

MPX-human  isolate  (CDC  V79-I-03) 

100 

+ 

+ 

- 

- 

- 

MPX-human  isolate  (CDC  V79-I-0035) 

100 

+ 

+ 

- 

- 

- 

MPX-human  isolate  (CDC  V79-I-07) 

100 

+ 

+ 

- 

- 

- 

MPX-human  isolate  (CDC  V79-I-05) 

100 

+ 

+ 

- 

- 

- 

MPX-human  isolate  (CDC  V79-I-12) 

100 

+ 

+ 

- 

- 

- 

MPX-human  isolate  (CDC  V79-I-17) 

100 

+ 

+ 

- 

- 

- 

MPX-human  isolate  (CDC  V79-I-U) 

100 

+ 

+ 

- 

- 

- 

MPX-human  isolate  (CDC  V79-I-06) 

100 

+ 

+ 

- 

- 

- 

MPX-human  isolate  (CDC  V79-I-08) 

100 

+ 

+ 

- 

- 

- 

“  +,  detected;  .  not  detected;  ND,  not  determined. 
b  MPX,  monkeypox  virus  Zaire. 


genes  of  various  variola  virus  species.  Non-variola  virus  DNAs 
were  not  detected  by  the  variola  virus-specific  assays.  All  five 
assays  were  negative  (DNA  was  not  detected)  for  various 
strains  and  isolates  (78  total)  in  the  USAMRIID  bacterial 
cross-reactivity  panel  (Table  3). 

OHS-IWG  CDC  blind  DNA  panel,  (i)  LightCycler.  Both 
pan-orthopox  virus  assays  (HA-MGB  and  E9L3-MGB)  de¬ 
tected  every  potential  positive  except  Botswana  (v73-225)  and 
Parvin  at  the  lowest  amount  (2.5  fg).  All  three  variola  virus- 
specific  assays  (HA-MGB,  B9R-MGB,  and  B10R-MGB)  also 
detected  every  potential  positive  except  Botswana  (v73-225) 
and  Parvin  at  the  lowest  amount  (2.5  fg).  There  were  no  false 
positives  among  the  15  non-orthopox  virus  DNA  samples  for 
any  of  the  five  assays  on  the  LightCycler.  There  also  were  no 
false  positives  for  the  variola  virus-specific  assays  with  the  25 
non-variola  virus  orthopox  virus  DNAs. 


(ii)  Smart  Cycler.  For  the  pan-orthopox  virus  HA-MGB 
assay,  the  SmartCycler  detected  every  potential  positive  except 
Botswana  (v73-225),  Parvin,  cowpox  virus  (CP58),  and  mon¬ 
keypox  virus  (v79-I-005),  all  at  the  lowest  amount  (2.5  fg).  For 
the  pan-orthopox  virus  E9L3-MGB  assay,  the  Smart  Cycler 
detected  every  potential  positive  except  Botswana  (v73-225), 
Parvin,  and  monkeypox  virus  (v79-I-005),  all  at  the  lowest 
amount  (2.5  fg).  For  the  variola  virus-specific  HA-MGB  assay, 
no  sample  was  detected  at  the  2.5-fg  level;  for  the  B9R-MGB 
assays,  all  DNAs  except  Parvin,  Afgan  (var4),  Nepal  (v73-225), 
Congo,  and  Botswana  (v73-225)  (each  at  2.5  fg)  and  Bang¬ 
ladesh  (250  fg)  were  detected.  For  B10R-MGB,  all  DNAs  were 
detected  except  Parvin  (2.5  fg)  and  Bangladesh  (250  fg).  Sur¬ 
prisingly,  both  the  B9R-MGB  and  B10R-MGB  assays  detected 
the  Bangladesh  DNA  at  the  2.5-fg  level.  There  were  no  false 
positives  among  the  15  non-orthopox  virus  DNA  samples  for 
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TABLE  3.  USAMRIID  cross-reactivity  panel  DNAs 
Organism 

Acinetobacter  baumanni 
Alcaligenes  xylosoxydans 
Bacillus  anthracis 

BA0068 

Ames 

Sterne 

SPS  97.13.213 
Bacillus  cereus 
Bacillus  coagulans 
Bacillus  lichenifonnis 
Bacillus  macerans 
Bacillus  megaterium 
Bacillus  polymyxa 
Bacillus  sphaericus 
Bacillus  stearothermophilus 
Bacillus  subtilis  subsp.  niger 
Bacillus  thuringiensis 
Bacillus  popilliae 
Bacteroides  distasonis 
Bordetella  bronchiseptica 
Budvicia  aquatica 
Burkholderia  cepacia 
Burkholderia  pseudomallei 
Clostridium  perfringens 
Clostridium  sporogenes 
Comanonas  acidovorans 
Enterococcus  durans 
Enterococcus  faecalis 
Escherichia  coli 
Francisella  tularensis 
Haemophilus  influenzae 
Klebsiella  pneumoniae 
Listeria  monocytogenes 
Moraxella  cattaharalis 
Neisseria  lactamica 
Proteus  mirabilis 
Proteus  vulgaris 
Providencia  stuartii 
Pseudomonas  aeruginosa 
Ralstonia  pickettii 
Salmonella  choleraesuis 
Serratia  odorifera 
Shigella  flexneri 
Shigella  sonnei 
Staphylococcus  aureus 
Staphylococcus  hominis 
Stenotrophomonas  maltophilia 
Streptococcus  pneumoniae 
Streptococcus  pyogenes 
Yersinia  enterocolitica 
Yersinia  frederiksenii 
Yersinia  kristensii 
Yersinia  pestis 
Yersinia  pseudotuberculosis 
Yersinia  ruckeri 


any  of  the  five  assays  on  the  Smart  Cycler.  There  also  were  no 
false  positives  for  the  variola  virus-specific  assays  with  the  25 
non-variola  virus  orthopox  virus  DNAs.  Overall,  the  variola 
virus  HA-MGB  assay  (and  to  a  lesser  extent  the  variola  virus 
B9R-MGB  assay)  was  significantly  less  sensitive  on  the  Smart 
Cycler  than  on  the  LightCycler  (Table  5). 

Assay  quantification.  Each  assay  was  tested  for  its  ability  to 
predict  the  orthopox  virus  genome  equivalence  on  the  Light- 
Cycler.  Results  also  verified  the  LOD  for  each  assay  for  both 


cloned  DNA  and  genomic  DNA.  The  data  (Fig.  1)  from  both 
the  plasmid  and  genomic  DNA  experiments  showed  a  linear 
correlation  with  a  dynamic  range  of  six  orders  of  magnitude, 
representing  5,000,000  to  25  copies.  In  addition,  several  assays 
showed  an  LOD  of  12  gene  copies,  and  one  assay,  B9R-MGB, 
was  able  to  detect  5  gene  copies  with  genomic  variola  virus 
DNA.  Similar  results  for  cloned  DNA  (LODs  of  12  to  25  gene 
copies)  were  obtained  for  the  Smart  Cycler  (data  not  shown). 


DISCUSSION 

Smallpox  vaccinations  were  discontinued  after  the  eradica¬ 
tion  of  the  smallpox  virus  in  the  United  States  and  elsewhere  in 
1979.  However,  recent  events  in  the  world  have  prompted  the 
U.S.  military  to  begin  vaccinating  troops  against  smallpox.  The 
overriding  fear  is  that  even  though  smallpox  has  been  eradi¬ 
cated  for  nearly  two  decades,  the  potential  for  a  bioterrorism 
attack  has  increased  substantially  following  the  events  of  11 
September  2001.  It  is  conceivable  that  an  individual  or  possibly 
a  rogue  government  has  used  their  technical  expertise  to  mass 
produce  infectious  smallpox  virus  (or  a  genetically  engineered 
variant).  It  is  therefore  crucial  that  fast,  reliable,  yet  simple 
diagnostic  molecular  tests  be  developed  with  the  latest  detec¬ 
tion  and  identification  technology  available.  We  present  the 
development  and  extended  evaluation  of  five  real-time  PCR 
assays  to  either  screen  for  orthopox  virus  DNA  (pan-orthopox 
virus  assays)  or  confirm  smallpox  DNA  (variola  virus-specific 
assays)  on  both  the  LightCycler  and  the  Smart  Cycler.  Each 
assay  is  either  an  improvement  on  a  previous  real-time  PCR 
assay  (variola  virus  HA-MGB)  (17)  or  an  entirely  new  assay 
(pon-orthopox  virus  HA-MGB,  pan-orthopox  virus  E9L3- 
MGB,  variola  virus  HA-MGB,  variola  virus  B9R-MGB,  and 
variola  virus  B10R-MGB)  incorporating  various  orthopox  virus 
gene  target  sequences  (4,  15,  29,  30).  In  order  to  ensure  the 
development  of  the  most  reliable  assays  possible,  we  cloned 
and  sequenced  the  appropriate  genes  from  various  species  of 
orthopox  and  variola  viruses.  Also,  because  these  assays  were 
to  be  used  in  rapid-cycling  machines  (one  cycle  per  15  to  20  s), 
the  primers  were  specifically  designed  for  amplicon  sizes  of  less 
than  180  bp.  We  chose  primer-TaqMan-MGB  probe  pairs  that 
exhibited  the  maximum  efficiency  of  amplicon  synthesis,  the 
lowest  Ct  value,  and  the  maximum  LOD.  We  opted  to  use 
TaqMan-MGB  probe  technology  because  it  possesses  signifi¬ 
cantly  improved  hybridization  properties  (20).  TaqMan-MGB 
probes  are  more  stable,  display  increased  mismatch  discrimi¬ 
nation,  and  have  an  improved  signal-to-noise  ratio  due  to  the 
use  of  an  NFQ  instead  of  the  fluorescent  quencher  dye 
TAMRA  (2).  In  addition,  the  MGB  stabilizes  AT-rich  du¬ 
plexes,  resulting  in  an  increased  probe  Tm  (that  temperature  at 
which  50%  of  an  oligonucleotide  is  annealed  to  its  complement 
strand).  Therefore,  the  MGB  probes  simplified  assay  design 
for  the  orthopox  viruses,  which  have  a  high  A/T  ratio  (~66%) 
(1).  We  also  improved  the  original  variola  virus  HA  assay  (17) 
by  redesigning  the  standard  TaqMan  probe  as  a  TaqMan- 
MGB  probe,  thereby  reducing  the  probe  sequence  from  26 
nucleotides  (Tm  =  60.4°C)  to  18  nucleotides  ( Tm  =  69.2°C). 
The  four  other  assays  were  designed  based  on  TaqMan-MGB 
chemistry.  Each  assay  was  designed  to  be  as  broad  (pan - 
orthopox  virus  MGB)  or  specific  (variola  virus  MGB)  as  pos- 
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TABLE  4.  Results  of  OHS-IWG  CDC  panel  testing  for  all  five  orthopox  virus-MGB  assays 


Organism  Specimen  material 


Sample 


Result0  with  the  following  amt  (gene  copy  no.)6  of  DNA: 


2.5  ng  25  pg  250  fg  2.5  fg 

(1.24  X  107)  (1.24  X  105)  (1.24  X  103)  (1.24  X  101) 


Variola  virus 

Purified  virus 

Bangladesh 

Congo 

India  7124 

Nepal  (v73-175) 
Afgan  (var4) 

Horn 

Virus-cell  lysate 

Botswana  (v73-225) 

Primary  clinical  crust 

Parvin 

Vaccinia  virus 

Purified  virus 

Dryvax 

IHDJ 

Cowpox  virus 

Purified  virus 

CP58 

Monkeypox  virus 

Purified  virus 

V79-I-005 

Camelpox  virus 

Purified  virus 

V78-2379 

Varicella-zoster  virus 

Purified  virus 

Varicella  OKA 
Varicella  WEB 

Herpes  simplex  virus 

Purified  virus 

HSV-1  Justin 

Positive  control 

Assay  genomic  DNA 

PTC 

Blank  (H20) 

Negative  control 

NTC 

1 

2 

3 

4  5 

1  2 

3 

4  5 

1  2 

3 

4 

5 

1  2 

3 

4d  5d 

1  2 

3d 

4  5 

1 

2 

3 

4  5 

1  2 

3 

4  5 

1  2 

3 

4 

5 

1  2 

3 

4  5 

1  2 

3d 

4d  5 

1 

2 

3 

4  5 

1  2 

3 

4  5 

1  2 

3 

4 

5 

1  2 

3 

4  5 

1  2 

3d 

4  5 

1 

2 

3 

4  5 

1  2 

3 

4  5 

1  2 

3 

4 

5 

1  2 

3 

4  5 

1  2 

3d 

4d  5 

1 

2 

3 

4  5 

1  2 

3 

4  5 

1  2 

3 

4 

5 

1  2 

3 

4  5 

1  2 

3d 

4d  5 

1 

2 

3 

4  5 

1  2 

3 

4  5 

1  2 

3 

4 

5 

1  2 

3 

4  5 

1  2 

3d 

4  5 

1 

2 

3 

4  5 

1  2 

3 

4  5 

1  2 

3 

4 

5 

1  2 

3 

4  5 

-  -  ■ 

-  - 

5e 

1 

2 

3 

4  5 

1  2 

3 

4  5 

1  2 

3 

4 

5 

1  2 

3 

4  5 

12 - 

12 - 

12 - 

12 - 

1  2  -  - 

12 - 

12 - 

12 - 

12 - 

1  2  -  - 

12 - 

12 - 

12 - 

12 - 

ld  2  -  - 

12 - 

12 - 

12 - 

12 - 

ld  2d  - 

12 - 

12 - 

12 - 

12 - 

1  2  -  - 

1  2  3  4  5 

ND-t 

ND 

1  2  3  4  5 

ND 

“  The  presence  of  a  number  indicates  that  the  sample  was  detected  as  follows:  l,  pan -Orthopox  virus  HA-MGB  assay;  2,  pnn-Orthopox  virus  E9L3-MGB  assay;  3, 
Variola  virus  HA-MGB  assay;  4,  Variola  virus  B9R-MGB  assay;  5,  Variola  virus  B10R-MGB  assay.  A  dash  indicates  that  the  sample  was  not  detected  by  that  assay 
on  either  the  LightCycler  or  the  Smart  Cycler. 

b  Total  amount  of  unknown  genomic  DNA  and  approximate  gene  copy  number  added  to  each  assay. 
c  Predicted  assay  outcome  based  on  sample  DNA  origin. 
d  Detected  only  on  the  LightCycler. 
e  Detected  only  on  the  Smart  Cycler. 
f  ND,  not  determined. 


sible,  but  several  primer-probe  mismatches  have  been  noted 
(see  footnotes  to  Table  1). 

In  this  study,  the  LOD  for  each  TaqMan-MGB  assay  was 
evaluated  on  the  LightCycler  with  both  the  appropriately 
cloned  gene  target  fragments  and  purified  variola  virus  geno¬ 
mic  DNA.  The  LOD  with  cloned  gene  targets  was  10  to  100  atg 
(12  to  23  gene  copies),  and  that  with  variola  virus  genomic 
DNA  was  2.5  fg  (12  copies).  Each  assay  was  also  highly  quan¬ 
titative  over  a  range  of  1  ng  (5  X  106)  to  2.4  pg  (12  copies) 
when  tested  in  the  LightCycler.  Initial  testing  against  DNAs 


(cloned  genes  and  genomic  DNA)  available  at  USAMRIID 
increased  our  confidence  in  the  overall  specificity  of  each  as¬ 
say.  While  each  assay  detected  only  the  appropriate  DNA 
samples  in  the  USAMRIID  orthopox  virus  DNA  panel,  none 
of  the  assays  detected  any  DNAs  in  the  cross-reactivity  panel. 
These  data  showed  that  all  five  of  our  orthopox  virus  TaqMan- 
MGB  assays  were  both  highly  specific  and  exceptionally  sensi¬ 
tive.  In  addition,  it  is  our  experience  that  a  single  internal  base 
mismatch  in  a  primer  (as  in  the  forward  primer  of  the  pan- 
HA-MGB  assay  with  vaccinia  virus  strain  Ankara)  is  tolerated 


TABLE  5.  Sensitivities  and  specificities  of  orthopox  virus-MGB  assays  with  the  IWG  CDC  blind  panel 


Sensitivity"  (%)  with: 

Specificity  (%) 
(all  samples) 

Instrument 

TaqMan-MGB  assay 

250  fg  (1.24  X  103 
genome  equivalents) 

2.5  fg  (12.4  genome  equivalents) 

All  samples6 

LightCycler 

pan -Orthopox  virus  HA 

100 

85 

96 

100 

pan -Orthopox  virus  E9L3 

100 

85 

96 

100 

Variola  virus  HA-MGB 

100 

75 

94 

100 

Variola  virus  B9R-MGB 

100 

75 

94 

100 

Variola  virus  B10R-MGB 

100 

75 

94 

100 

Smart  Cycler 

pan -Orthopox  virus  HA 

100 

69 

92 

100 

pan -Orthopox  virus  E9L3 

100 

77 

92 

100 

Variola  virus  HA-MGB 

100 

0 

75 

100 

Variola  virus  B9R-MGB 

88 (100) 

38 

81 (84) 

100 

Variola  virus  B10R-MGB 

88 (100) 

88 

94  (97) 

100 

Values  in  parentheses  are  those  when  the  result  for  aberrant  sample  839  (Bangladesh  DNA  at  250  fg)  is  not  included  in  the  calculations. 
Includes  all  sample  amounts:  2.5  ng,  25  pg,  250  fg,  and  2.5  fg. 
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FIG.  1.  LODs  and  r  values  of  linear  curves  for  all  five  orthopox  virus-MGB  assays.  The  graph  shown  represents  the  results  from  a  representative 
run  using  the  B9R-MGB  assay  with  variola  virus  genomic  DNA  samples  in  duplicate. 


more  easily  than  any  mismatches  in  a  TaqMan-MGB  probe. 
Therefore,  the  variola  virus  HA-MGB  assay  should  be  used 
with  caution  and  in  conjunction  with  the  B9R-MGB  and 
B10R-MGB  assays  when  used  for  smallpox  virus  DNA  verifi¬ 
cation. 

At  the  CDC,  the  assays  were  run  against  a  blind  panel  of  a 
mixture  of  68  different  samples  (16  different  types  of  DNAs  at 
four  different  concentrations  and  water).  The  results  indicate 
that  our  assays  were  not  only  highly  specific  (there  were  no 
false  positives  with  varicella-zoster  virus  or  herpes  simplex 
virus  DNA)  but  also  highly  sensitive  (most  of  the  2.5  fg  [12 


gene  copies]  was  detected  by  the  LightCycler).  It  is  noteworthy 
that  the  two  samples  missed  by  all  five  assays  on  the  Light- 
Cycler  were  the  2.5-fg  (12  gene  copies)  amounts  of  a  virus-cell 
lysate  and  a  primary  clinical  crust  (Parvin).  Each  of  these 
samples  was  derived  from  either  a  cell  culture  lysate  or  a 
variola  virus-infected  tissue;  thus,  the  sample  material  con¬ 
tained  an  estimated  amount  (probably  less  than  2.5  fg)  of  viral 
DNA  mixed  with  background  cellular  DNA.  In  the  Smart 
Cycler,  the  assay  results  were  more  variable  (no  sample  was 
detected  at  2.5  fg  by  the  variola  virus  HA-MGB  assay,  while 
the  other  assays  exhibited  less  sensitivity  for  some  low-level 
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samples  [2.5  fg]).  The  observation  that  the  Smart  Cycler  missed 
sample  839  (Bangladesh  at  250  fg;  1,240  gene  copies)  but 
detected  the  lower  levels  of  the  same  sample  (2.5  fg;  12  gene 
copies)  by  both  the  B9R-MGB  and  B10R-MGB  assays  is  at 
present  unexplained.  These  results  also  confirm  our  previous 
results  (unpublished  data)  that  using  a  TaqMan-MGB  probe 
instead  of  the  standard  TaqMan  probe  did  not  significantly 
change  the  sensitivity  of  an  assay  on  either  the  LightCycler  or 
the  Smart  Cycler.  However,  the  use  of  TaqMan-MGB  probes 
does  increase  the  robustness  of  the  signal  (more  fluorescence) 
on  the  LightCycler,  probably  because  the  NFQ  is  a  better 
signal  quencher  than  the  TAMRA  found  on  the  standard  Taq¬ 
Man  probes.  This  effect  is  seen  only  on  the  LightCycler.  Over¬ 
all,  the  specificity  of  the  five  assays  on  both  platforms  with  all 
of  the  OHS-IWG  CDC  blind  samples  was  100%.  The  sensitiv¬ 
ity  for  all  CDC  samples  with  the  five  assays  on  the  LightCycler 
ranged  from  93.8  to  96.2%,  and  that  on  the  Smart  Cycler 
ranged  from  75  to  93.8%.  The  biggest  difference  in  sensitivity 
was  with  the  variola  virus  HA-MGB  assays  on  the  Smart  Cy¬ 
cler.  To  avoid  false  negatives,  this  assay  should  not  be  run  in  its 
present  configuration  on  the  Smart  Cycler  if  a  dilute  sample  is 
suspected. 

Recent  world  events  have  focused  attention  on  the  need 
for  a  smallpox  (variola)  animal  model  for  testing  new  and 
improved  vaccines  and  antiviral  compounds.  Jahrling  et  al. 
(unpublished  data)  recently  developed  a  monkey  model  for 
studying  the  progression  of  smallpox  infections.  In  these  ex¬ 
periments,  the  quantitative pau-orthopox  virus  HA-MGB  assay 
presented  here  has  been  used  to  monitor  the  viral  load  in 
monkey  blood  and  tissues  after  infection  with  smallpox.  Future 
studies  on  the  preserved  monkey  tissues  with  the  other  four 
quantitative  assays  are  planned.  Further,  monkeypox  infec¬ 
tions  in  monkeys  are  an  important  surrogate  model  for  human 
smallpox  infections  (34).  The  pan-orthopox  virus  HA-MGB 
assay  has  been  used  to  monitor,  in  real  time,  the  viral  loads  in 
both  placebo-  and  cidofovir-treated  monkeys  challenged  with 
monkeypox  virus  (unpublished  data). 

In  addition,  during  Operation  Noble  Eagle  (11  September 
2001  to  15  May  2002),  more  than  12,500  similar  non-MGB 
pau-orthopox  virus  HA  assays  (primers  identical  to  those  in 
Table  1  with  a  slightly  longer,  “standard”  TaqMan  probe 
[6'FAM-AGT  GCT  TGG  TAT  AAG  GAG  CCC  AAT  TC- 
TAMRA-3'])  were  run  on  numerous  environmental  samples 
in  the  Ruggedized  Advanced  Pathogen  Identification  Device 
(RAPID)  (Idaho  Technology)  at  USAMRIID.  The  RAPID  is 
the  improved  version  of  the  LightCycler  with  slightly  different 
software.  There  were  approximately  50  false  positives  (99.6% 
specificity),  all  of  which  were  negative  for  orthopox  virus  DNA 
upon  rescreening.  The  assay  also  detected  98.5%  of  all  vaccinia 
virus  DNA  “concentration-positive”  controls  that  were  pre¬ 
pared  for  each  batch  of  samples  processed  for  real-time  PCR. 
In  addition,  from  16  May  to  24  September  2002,  Midwest 
Research  Institute  (Rockville,  Md.)  assayed  over  15,000  sam¬ 
ples  for pan-orthopox  virus-FlA  PCR  on  the  RAPID  and  found 
only  two  false  positives  (which  were  negative  upon  rescreen¬ 
ing)  (unpublished  data). 

In  conclusion,  this  report  demonstrates  the  reliable  and  spe¬ 
cific  identification  of  orthopox  virus  DNAs  from  environmen¬ 
tal,  clinical,  and  virus-infected  cell  cultures  by  TaqMan-MGB 
real-time  PCR  on  both  the  LightCycler  and  Smart  Cycler.  By 


using  the  assays  as  a  battery  of  PCR  tests,  one  can  easily  es¬ 
tablish  the  presence  of  orthopox  virus  DNA  in  a  sample  and 
then  quickly  and  accurately  determine  whether  the  DNA  is  from 
the  smallpox  virus  by  using  three  PCR  confirmatory  assays. 
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